INTRODUCTION
Neurofibromatosis type 1 (NF1) is an autosomal genetic disease affecting multiple organ systems. Among NF1 diagnostic criteria are manifestations of neuroecodermal origin (café au lait spots, axillary freckling) and tumors (cutanous or plexiform neurofibromas, Lisch nodules, optic gliomas).
Other organ systems such as the skeleton may also be affected. NF1 is caused by the loss of function mutations in the NF1 gene. It is increasingly recognized that NF1 tumors as well as other focal manifestations (e.g. tibial dysplasia) can associate with additional somatic mutations, affecting second NF1 allele (1, 2) . NF1 encodes neurofibromin, a large protein with a centrally positioned Ras-specific GTPase-activating domain which acts as a negative regulator of Ras/mitogenactivated protein kinase (MAPK) signaling. The function of neurofibromin was shown to be critical for the regulation of proliferation and differentiation of the hematopoietic, neural and mesenchymal lineage progenitor cells (3 -5) . While the molecular function of neurofibromin is best studied in the context of its tumor suppressor role, it has become clear that neurofibromin plays an essential role in embryonic development, including development of the skeletal system (6, 7) .
Approximately 50% of patients with NF1 suffer from skeletal manifestations (8) . The most disabling skeletal manifestations are scoliosis and bowing of the long bones (tibia), † Equally contributing authors. * To whom correspondence should be addressed at: Ihnestr. 73, D-14195 Berlin, Germany. Tel: +49 3084131643; Fax: +49 3084131385; Email: kolanshy@molgen.mpg.de the later often culminating with fractures and pseudarthrosis. In addition to the skeletal defects, reduction in muscle strength has been reported in patients with NF1 (9) . A reduction in the muscle cross-section area was shown in pediatric patients with NF1 by peripheral quantitative computed tomography (pQCT) imaging, and was observed both in patients affected with bone lesions and those with no osseous manifestations (10) . These data suggested that a skeletal muscle deficiency might be a feature of NF1. Since proper maintenance and function of the musculoskeletal system depends on both the skeleton and the musculature, muscular weakness may contribute to the bone phenotype in NF1.
The skeletal muscles of the limb arise from the somitic myotome. Cells at the ventrolateral edge of somites at limb levels delaminate, migrate into the limb and form the initial pre-muscle masses. These migrating and strongly proliferating pre-myoblasts express a set of characteristic marker genes, including Pax3 and Lbx1 (11, 12) . The migration process itself is regulated by a cascade triggered by scatter factor/hepatocyte growth factor signaling via c-met (13) . The migrating pre-myoblasts themselves are committed to the myogenic lineage, but are not believed to contain positional information as to where and when to form muscles in the limb. Rather, this information seems to be conveyed by the limb mesenchyme via local paracrine signaling mechanisms (14 -16) . These signaling mechanisms govern the intricate interplay between proliferation and differentiation of premyogenic cells to myoblasts expressing markers for definitive myogenesis, the myogenic regulatory factors such as MyoD1 or myogenin (Myog). Myoblasts differentiate to myotubes that start to express contractile proteins such as myosin heavy chain, these myotubes subsequently fuse to form terminally differentiated multinucleated myofibers (17) .
NF1 inactivation results in the embryonic lethality due to cardiac defects. Thus, conditional inactivation of the gene was required to study function in late embryogenesis and postnatal development. In order to determine how Nf1 inactivation impacts skeletal muscle development, we took advantage of Nf1 Prx1 mice in which the Nf1 gene is inactivated in the limb bud mesenchyme. In these mice, Nf1 was previously shown to be inactivated in the mesenchymal cells of the developing limbs, resulting in an inactivation in osteoblasts, chondrocytes and endothelial cells (6) . In addition, we found that the migrating muscle progenitor cells also undergo efficient Nf1 gene inactivation by Prx1-Cre rendering the Nf1 Prx1 mice display a primary defect in muscle development at the level of the differentiation of myoblasts to myotubes, ultimately leading to muscular dystrophy and fibrosis.
RESULTS

Inactivation of Nf1 in the limb musculature of Nf1
Prx1 mice
The Prx1-Cre transgene was previously shown to efficiently recombine Nf1 in mesenchymal cells in the developing limbs of Nf1 Prx1 mice (6) . To assess recombination in the myogenic lineage, Cre-recombinase expression and efficacy were investigated at various developmental stages using the Rosa26-LacZ reporter line. The LacZ staining revealed Cre recombinase expression throughout the entire limb at E13.5 with a defined border of expression at the proximal edge of the limb bud (Fig. 1A , left panel, dotted line). The staining was equally intensive in the cartilage and muscle primordia, indicating that migrating muscle progenitor cells express Cre recombinase while entering the limb bud in Nf1
Prx1 mice. Cre expression appeared even broader in the postnatal stages (Fig. 1A, right panel) , where apart from limb musculature also parts of the chest, neck and abdominal musculature were LacZ positive. A varying degree of recombination was observed in neck muscles (m. seminispinalis capitis, m. trapezius), spinal column attached muscles (m. latissimus dorsi, m. longissimus thoraci), as well as abdominal muscles (m. cutaneus trunci, m. serratus v. thoracis and m. obliquus externus abdominis) in the adult mice (Fig. 1B) . Thus, at postnatal stages, Nf1
Prx1 mice show Nf1 inactivation also in muscle groups affecting body posture.
Reduced muscle mass in Nf1
Prx1 mice and in the NF1 tibial dysplasia patients
As previously described, Nf1
Prx1 mice exhibit short-limbed dwarfism (6) . A considerable size reduction in the entire limb was observed, including reduced muscle size (Fig. 1C) . While the weight of the adult Nf1
Prx1 mice was on average reduced by 25% (Fig. 1D) , the weight of the triceps muscle was reduced by .50% in mutant mice compared with control littermates (Fig. 1E) , indicating a specific defect of muscle development. Consistently, Nf1
Prx1 mice showed a dramatic reduction in the muscle force measured in a force gauge pull test. The average load of mutant mice was 0.034 + 0.004 N versus 0.205 + 0.023 N in controls, and the maximum load for mutant animals was 0.649 + 0.166 N versus 1.439 + 0.125 N in controls ( Fig. 1F and G) . The muscle mass reduction in Nf1
Prx1 mice correlates with observations in patients as a reduction in muscle cross-sectional area has been observed in the mid-tibial region of children with NF1 (10) . An example of muscle area reduction in a patient with NF1 is presented in Figure 1H , documenting the case of an 8-year-old male patient affected with tibial dysplasia. Both tibial dysplasia-affected and non-affected limbs showed reduced muscle area (z-score: 22.6/22.0, respectively), despite the child being fully mobile and active (data not shown).
Muscle dystrophy in Nf1
Histological analysis of the musculature in the extremities of adult Nf1 Prx1 mice revealed a generalized muscle fibrosis, characterized by expansion of the collagen-rich (blue, azan stain) connective tissue ( Fig. 2A and B) , and a reduced total number of muscle fibers (50% reduced in the triceps) (Fig. 2C) . Additionally, large areas of the dystrophic mutant musculature were also occupied by fat tissue ( Fig. 2A and B, orange arrows). Mutant muscles showed a 20% increase in the number of fibers bearing cleft-like invaginations (split fibers), suggesting a disturbance of myotube architecture. Additionally, muscle fiber size appeared more variable in mutant muscles then in controls (Fig. 2D) . However, no centrally positioned nuclei were observed in muscle fibers, indicating absence of overt muscle regeneration (Fig. 2E) . These findings were corroborated by in situ hybridization (ISH) analysis of the P18 muscles, showing a higher abundance of collagen-I-positive connective tissue cells in the mutant muscles when compared with controls (Fig. 2F ). An increase in connective tissue was already detectable in muscles of late gestation (E16.5) Nf1
Prx1 embryos, which showed a higher number of cell nuclei positioned between the muscle fibers than in controls (Fig. 2G ). In addition, muscle fibers were already thinned out at this stage (Fig. 2G) , suggesting an early developmental origin of the muscle dystrophy and fibrosis.
To gain insight into the molecular changes of the observed muscle dystrophy and fibrosis and to compare these with other known muscle dystrophies, we performed transcriptional profiling of the entire triceps muscles of 3-month-old wild-type (WT) and mutant animals using Affymetrix high-density microrrays (Fig. 3) . Gene expression profiling was done for four mutant and four WT animals, and the significant gene regulations determined with one-way analysis of variance (ANOVA) analysis. In total, 1508 genes were found significantly (ANOVA F-factor ≥ 20) deregulated in mutant muscles when compared with controls (874 upregulated and 634 downregulated). The upregulated genes were subjected to KEGG classification and gene class enrichment analysis (see Materials and Methods). Six functional KEGG classes were found to be most significantly enriched in the data set: (i) focal adhesion, (ii) Extracellular matrix interaction, (iii) pathways in cancer, (iv) regulation of actin cytoskeleton, (v) cell adhesion molecules, (vi) chemokine signaling pathways (Fig. 3B) .
Consistent with the observed muscle fibrosis, upregulated genes included extracellular matrix genes: collagens (I, II, III, IV, V, VI and XI), several glycoproteins, including thrombospondin and tenascin, as well as various integrins.
Among the upregulated transcripts were various collagens and lamins, cell adhesion molecules, like integrins, as well as various cell surface receptors, including platelet-derived growth factor receptors and epidermal growth factor receptor (Fig. 3A) . Upregulated transcription factors included Runx1, Gli2 and Gli3, Catnnb1, Nfkb1 and Nfkb2. Genes involved in four signaling pathways: Ras, cAMP, PI3 and chemokine signaling pathways, were represented among enriched transcripts. A proportion of transcripts deregulated in NF1-deficient muscle encoded proteins involved in regulation of actin cytoskeleton dynamics. This group included actin itself, the actinbinding proteins, like filamin A and gelsolin, as well as modulators of rho family, small GTP binding protein signaling TIAM1 and ELMO1 (Fig. 3A) .
To determine whether the dystrophic muscle phenotype correlated with features of other known muscle dystrophies, we compared transcriptional profiles of muscles of Nf1
Prx1 and Mdx mice, in which muscle dystrophy is caused by a mutation in the dystrophin gene (18) . The analysis revealed a considerable overlap of the two data sets (72 common gene regulations out of 361 Mdx-specific and 1099 NF1-Prx1-specific gene regulations; see Supplementary Material, Table S2 ); Fisher's exact test: P-value ¼ 1.1e 2 11 (Fig. 3C ). Similarities included upregulation of genes encoding extracellular matrix components: collagens III, V and VI, fibulin-7, biglican and matrix metallopeptidase 2, likely representing a universal feature of the muscle fibrosis. Genes involved in cytoskeleton organization: microtubule-associated protein Tau, tubulin beta-5, ezrin, coronin and vimentin were also commonly deregulated in both data sets. Additionally, in line with what was previously reported to be a common feature of several muscle dystrophies (19) , Nf1-deficient muscles showed downregulation of multiple genes encoding key mitochondrial energy production and glucose metabolism regulating proteins (Supplementary Material, Table S3 ). Among them were mitochondrial transcription factors A and B1, mitochondrial ribosomal proteins L2, L9, L44, L53 and S5, mito-ribosomal Prx1 muscles, and a gene set deregulated in muscle of mice carrying a mutation in the dystrophin gene (Mdx) (18) .
GTPase (Mtg1), complex IV assembly protein (COX11), complex I subunit 1 alpha (NDUFAF4), glucokinase, glutaminase 2 and tafazzin, mutations of which cause a spectrum of cardiac and skeletal muscle symptoms in Barth syndrome (20) . Interestingly, we also detected marked upregulation of the gene encoding uncoupling protein 2, encoding a protein that can uncouple ATP production from mitochondrial respiration (21) . Thus, like other muscle dystrophies, NF1 skeletal muscle dystrophy appears to be accompanied by a general bioenergetics crisis (19) . Collectively, these data indicate that Nf1 Prx1 muscle dystrophy represents a distinct pathological condition, which shares some general transcriptional properties with other known muscular dystrophies.
Muscle progenitor cell migration, proliferation and differentiation in Nf1
Our initial observations prompted us to analyze whether a primary defect in embryonic myogenesis in Nf1 Prx1 mice might contribute to the dystrophic phenotype observed later. Whole-mount in situ hybridization (WISH) for Lbx1 revealed no overt changes of early muscle progenitor cell migration in the Nf1-deficient limb buds at E10.5 and E11.5 (Supplementary Material, Fig. S1 ). Similarly, no changes were observed in the expression domain and intensity of Pax3, which together with Lbx1 labels migrating pre-myoblasts (Supplementary Material, Fig. S1 ).
The initial pace of muscle formation in the limb is determined by the regulation of progenitor proliferation versus their differentiation to MyoD-positive myoblasts. First, we determined the proliferation rate of migrating Lbx1-positive cells at E11.5 by co-labeling for Pax3 mRNA and bromdesoxyuridin (BrdU). No changes were observed in dorsal or ventral muscle masses (Fig. 4A) . To analyze the differentiation of progenitors to myoblasts, we performed immunohistochemical co-staining for Lbx1 and MyoD as specific markers for both populations. The MyoD/Lbx1 ratio was unaltered in the dorsal muscle masses in limb buds of mutant mice (Fig. 4B) . However, we detected an increased MyoD/Lbx1 ratio in the ventral muscle massses (Fig. 4B) , where MyoD-positive cells were also more abundant (data no shown). Altogether, this result suggested a normal migration and proliferation of pre-muscle cells in Nf1 Prx1 mutants; it also suggested an increased differentiation of myoblasts in ventral muscle masses.
Defect of muscle cell differentiation in Nf1
Next we aimed at determining the time point at which the first disturbances in muscle formation became apparent. MyoD and myogenin are two master regulators of skeletal muscle development and remain expressed during muscle differentiation. MyoD becomes activated in muscle progenitor cells inducing their differentiation to myoblasts, whereas myogenin is required for their terminal differentiation. Analysis of myogenin expression by WISHs indicated a slight reduction in myogenin expression in E12.5 Nf1
Prx1 limb buds, suggesting an early inhibition of myoblast terminal differentiation (Fig. 5A) . One day later, at E13.5, a defect in muscle formation became apparent. We used WISH for MyoD, which provides a good resolution of the forming muscle fibers, to illustrate muscle development. Specific muscle primordia were significantly reduced in size or were entirely missing (Fig. 5B, upper panel) . Quantification of the MyoD-positive area showed a 30% reduction in the m. triceps (tc) size and a 50% reduction in the m. gluteus maximus (gm) size in Nf1
Prx1 mice when compared with controls (Fig. 5B , lower panel, see also magnifications a ′ and b ′ ). Similarly, the m. latissimus dorsi (ld) appeared smaller and showed a rarefaction of muscle fibers in Nf1
Prx1 mice ( Fig. 5; magnifications  a and b) . The distal muscle groups in the extremities appeared most strongly affected, and some muscles were missing completely (stars in magnifications b and b ′ ). Absence of distal muscle groups in the extremities was confirmed on transverse sections of E14.5 hindlimbs labeled with anti-MyoD antibodies (Fig. 5C ) and was also observed on histological sections of postnatal stages (data not shown), indicating a continuous myogenic defect rather than a developmental delay. Together, these data indicate that the muscle differentiation process is disturbed in Nf1
Prx1 mice. To assess the rate of myoblast differentiation to myotubes, we performed co-immunolabeling for MyoD, which is expressed in pre-myoblasts, myoblasts and myotubes, and the intermediate filament protein desmin, which is expressed in differentiating myoblasts and myotubes. The amount of MyoD-positive cells was equal in WT as well as in Nf1
Prx1 mice (Fig. 5D ). Conversely, in Nf1 Prx1 mice, there was a drastic decrease in desmin-positive cells per area. Moreover, cells expressing MyoD, but not desmin were more abundant (Fig. 5D, arrows) , also reflected by a MyoD/Desminpositive cell ratio shifted towards the MyoD population. This indicates a severe disruption of myoblast terminal differentiation that might explain the rarefaction of muscles observed in Nf1 Prx1 mice. As indicated above, muscle cell differentiation in the limb is controlled by cell-autonomous and non-cell-autonomous mechanisms. To get further insight into the pathology, we used muscle satellite cells from WT and Nf1
Prx1 mice as a cell culture system for myoblast differentiation. Real time quantitative PCR (RT-PCR) confirmed efficient recombination of the Nf1 locus in satellite cells from Nf1
Prx1 mice (Fig. 6A ). Pax7 + cell numbers were unaltered in Nf1 Prx1 cultures after 3 days compared with WT, indicating normal self-renewal of satellite cells in Nf1
Prx1 mice ( Fig. 6B and D) . Proliferation measured by incorporation of 5-ethynyl-2 ′ -deoxyuridine (EdU) was overall increased in Nf1
Prx1 cultures. This was even more pronounced when EdU labeling was assessed in Pax7 + cells (Fig. 6E) . After switching to differentiation medium, WT satellite cells showed robust myogenesis as assessed by MF-20 labeling for sarcomeric myosin. Differentiation was severely decreased in Nf1-deficient satellite cells ( Fig. 6C and F) , confirming an intrinsic defect in muscle progenitor differentiation upon Nf1 ablation.
MAPK activation in Nf1-deficient muscles
MAPK signaling, which is downstream of Ras, is known to be involved in the regulation of myogenic differentiation (22) . In addition, Ras/MAPK signaling is one of the positive regulators of the cell cycle. Since we found Nf1 inactivation to result in defective myogenesis leading to dystrophic and fibrotic muscles, we analysed the MAPK pathway activation status in muscles of the Nf1 Prx1 mice. First, we assessed the phosphorylation status of signaling components known to be downstream of Ras/Nf1, namely Erk1/2, MEK1 and cAMP responsive element binding (CREB) in muscles of adult mice. We detected a significant increase in pERK1/2, pMEK1 and pCREB levels in the lysates of adult Nf1 Prx1 triceps when compared with WT controls (Fig. 7A) . To determine whether MAPK signaling was also affected at earlier developmental stages, we performed immunohistochemical detection of pMEK1 on paraffin sections of E16.5 limbs.
While the level of pMEK1 within myofiber nuclei was not significantly increased, we detected a significant increase in pMEK1 levels in the interfiber nuclei representing muscle connective tissue fibroblasts in Nf1
Prx1 mice (Fig. 7B) . The muscle connective tissue is strongly involved in the control of muscle differentiation and patterning, but under dystrophic conditions expands and thus contributes to fibrosis. To analyze whether this might apply to the Nf1
Prx1 mouse model, we analyzed BrdU labeling in muscles at E14.5. First, we counted overall BrdU-positive cells in the muscle area as determined by ISH for MyoD. This showed that the overall proliferation index is higher in Nf1
Prx1 mice (Fig. 7C) . We then counted BrdU-positive nuclei in defined areas that were positive or negative for MyoD expression (MyoD pos : myoblasts or myotubes; MyoD neg : muscle connective tissue) and calculated the ratio of both cell populations. This revealed an increase in proliferating muscle connective tissue cells versus muscle cells.
DISCUSSION
The data presented here suggest that neurofibromin is required for proper formation and maintenance of skeletal muscles. Inactivation of Nf1 in the developing heart muscle has previously been shown to cause cardiac muscle fibrosis, hypertrophy and a progressive cardiac muscle dysfunction (23) . Nf1 knock-out in the embryonic heart was associated with increased levels of pERK1/2, pGSK3b, pAKT and pmTOR.
We now show that Nf1 is not only required for normal cardiac muscle development but is also needed during skeletal muscle formation. The terminal differentiation of myoblasts was severely impaired in the absence of Nf1 as inferred from normal muscle progenitor cell migration and proliferation at E11.5 (Fig. 4, Supplementary Material,  Fig. S1 ), and normal differentiation of Lbx1-positive progenitors to MyoD-positive myoblasts with only a minor acceleration of differentiation in the ventral pre-muscle mass (Fig. 4) . Impaired terminal myoblast differentiation was first indicated at E12.5 showing lower expression of the terminal differentiation inducer myogenin. A clear reduction in muscle size became apparent at E13.5 and E14.5, caused by a defect in myoblast terminal differentiation (Fig. 5) . In vitro differentiation of satellite cells from Nf1
Prx1 mice was also severely impaired, while proliferation was increased. This indicates that at least a part of the muscle phenotype observed in Nf1
Prx1 mice is caused by a cell-autonomous defect. Furthermore, this indicates that in the absence of Nf1, myoblasts might fail to exit the cell cycle, which is a prerequisite for terminal differentiation. However, such an increase in myoblast proliferation was not detected in the Nf1
Prx1 mice. The increased proliferation that we detected in the muscle connective tissue cells within the muscle primordium as early as E14.5 (Fig. 6C) likely signifies the beginning of muscle fibrosis that becomes first visible in the form of expanding muscle connective tissue at E16.5 (Fig. 2G) . This indicates that expansion of connective tissue is a primary defect caused by Nf1 inactivation contributing to muscle dystrophy, unlike in other known dystrophies (e.g. Duchenne muscular dystrophy caused by inactivation of the dystrophin gene), where fibrosis is a consequence of muscle degeneration. Thus, Nf1
Prx1 mice develop a specific form of muscular dystrophy, which shares basic molecular features with Mdx mice, the model for Duchenne muscular dystrophy (18, 24) .
The observed expansion of the connective tissue within Nf1-deficient muscles was reflected by increased expression of extracellular matrix and adhesion molecules, including multiple collagens (I, II, III, IV, V, VI and XI), glycoproteins, including thrombospondin and tenascin, as well as various integrins. We also detected increased expression of Runx1, a transcription factor known to protect disused myofibers against myofibrillar disorganization and autophagy (25) . Among the transcription factors upregulated in the Nf1 Prx1 muscles were Gli2 and Gli3, the downstream targets of Sonic hedgehog involved in muscle development through regulation of Myf5 expression. Moreover, expression of two NFKb factors, one of which was previously implicated in the genesis of the muscle disuse induced atrophy (26) was also enhanced. Apart from deregulation of MAPK pathway genes (e.g. Ras-GRP2, Braf and Cbl), we also detected upregulation of some genes intimately involved in the IP3 pathway signaling: Plc, Plcg and Pik3r5. Interestingly, two adenylate cyclase genes Adcy7 and Adcy5 as well as the Gnai2 gene, encoding guanine nucleotide-binding protein subunit 2, involved in the hormonal regulation of adenylate cyclases, were also overexpressed indicating that cAMP signaling might be deregulated in NF1-deficient muscles. In line with this, we detected elevated levels of the cAMP downstream effector pCREB in Nf1 Prx1 muscles (Fig. 6A) . The expression of multiple nuclear genes encoding mitochondrial proteins required for high-energy oxidative metabolism was also downregulated. Thus, a general bioenergetic crisis appears to be a common feature of various muscle dystrophies (19) , including the one described here caused by the Nf1 deficiency.
Neurofibromin is required for the control of MAPK signaling in various cell types, including cardiac and muscle cells. MEK1 was previously shown to negatively regulate early steps of muscle differentiation (27) . Additionally, constitutive activation of Ras and/or Raf kinase upstream of MEK1 was also reported to inhibit muscle cell differentiation (28, 29) . Importantly, MEK1 was shown to interact with the MyoD nuclear complex and inhibit its function (30) . Thus, it appears likely that MEK1 hyperactivation contributes to the observed inhibition of muscle differentiation in Nf1 Prx1 mice. In the current study, we detected increased levels of pMEK1 and pERK1/2 in the adult Nf1-deficient skeletal muscles as well as an increased number of pMEK1-positive cells in the muscle interfiber space of E16.5 Nf1-deficient muscles. However, we did not detect significant differences in the number of pMEK-positive myonuclei in E16.5 NF1-Prx1 mice, but at this stage we cannot rule out differences in signaling intensity. Further studies are needed to address the exact mechanism of the NF1 muscle dystrophy and to address which part of the muscular defect is cell-autonomous or non-cell-autonomous. Apart from activation of the canonical MAPK pathway components, we also detected hyperphosphorylation of CREB which is a known downstream target of PKA and RSK2 kinases (31) . Both CREB1 and CREB2 (ATF4) were found to heterodimerize with MyoD and inhibit myogenic differentiation of 10T1/2 cells when overexpressed (32) . Thus, the CREB factor is another candidate factor likely contributing to the muscle differentiation phenotype we observed.
Among several pathological changes, Nf1 Prx1 mice invariably show cartilaginous fusions and/or partial fusions of the hip joints, a phenotype which is not observed in individuals with NF1. We have previously shown that this phenotype results from an early embryonic failure of joint cavitation (6 and Supplementary Material, Fig. S2 ). While joint fusions were consistently observed in Nf1
Prx1 mice (Supplementary Material, Fig. S2 ), conditional inactivation of Nf1 in chondrocytes using the collagen type II alpha 1 (Col2a1) promoter did not result in such a phenotype (data not shown), suggesting that the cause of joint fusions in Nf1
Prx1 mice was extracartilaginous. It has been shown that joint formation is critically dependent on embryonic movement, i.e. on the proper function of muscles. Reduction in movement either by denervation or by inhibition of muscle development results in joint fusions (33, 34) , indicating that reduced muscle strength as well as the absence of individual muscles may cause or at least contribute to the joint fusions in Nf1
Prx1 mice. The skeletal muscles in Nf1
Prx1 mice were significantly smaller in size and mutant mice displayed severely reduced muscle force in the force gauge pull test when compared with controls ( Fig. 1C-G) . It is important to mention that no differences in muscle strength or histological appearance were observed between WT and Nf1
Prx1 heterozygous mice (data not shown), indicating that heterozygous gene inactivation was insufficient to cause overt muscle phenotype in the murine model. Strikingly, muscle groups involved in hip joint movement were most severely affected in homozygous Nf1 Prx1 mice, with the gluteus maximus showing a 50% size reduction already at E13.5 ( Fig. 5B) and severe reduction and fibrosis at postnatal day 2 (Supplementary Material, Fig. S2 ). Importantly, consistent with the causal relationship between the muscle formation defect and the joint fusion in Nf1 Prx1 mice, the onset of the muscle defect preceded hip joint fusion (E12.5/13.5 versus E14.5). Similarly, we observed a coincidence of the spinal kyphosis in the Nf1
Prx1 mice (Supplementary Material, Fig. S3 ) and the reduced size of m. latissimus dorsi primordia at E13.5 (Fig. 5B) as well as reduced thickness of m. latissimus dorsi in the postnatal stages (data not shown). Muscular dystrophy was previously implicated in pathogenesis of kyphosis in several mouse models including Mdx mice (35) . Thus, it seems likely that the kyphosis in Nf1
Prx1 mice is directly linked to the observed skeletal muscle dystrophy.
Altogether, the Nf1 Prx1 phenotype described here clearly indicates that neurofibromin is required for skeletal muscle development and its absence results in muscle dystrophy. These findings highlight the importance of Ras signaling in development and maintenance of muscles and are of relevance for understanding the pathogenesis of NF1, in particular the skeletal system abnormalities such as scoliosis, osteoporosis and tibial dysplasia. Since the skeleton is directly influenced by muscle force, a reduction in muscle mass/force results in a reduction in bone mass and thus osteporosis. Likewise, a weakness of back musculature may contribute to the pathogenesis of scoliosis as seen in many muscular disorders, such as Duchenne muscular dystrophy.
MATERIALS AND METHODS
Mouse breeding and genotyping
Nf1flox and Rosa26-LacZ mice were bred and genotyped as described previously (36, 37) . See Supplementary material for primer sequences used for detection of the Cre transgene in the Prx1-Cre mouse strain. Recombination efficiency was tested in a competitive PCR using primers P1, P2 and P4 where P1 + P2 amplifies the excised allele (280 bp) and P1 + P4 amplifies the intact floxed allele (350 bp; for details see 32).
Protein and mRNA analysis
Whole triceps muscle lysates were prepared in radioimmunoprecipitation assay buffer buffer and protein concentration was determined with the bicinchoninic acid protein assay protein assay (Pierce). Twenty grams of protein were loaded per lane and resolved by electrophoresis in sodium dodecyl sulfate -polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Amersham). For western blot analysis, membranes were incubated with the following antibodies: anti-phospho-p42/44 (pERK1/2) #9102 (Cell Signaling), anti-p44 (ERK1) #4372 (Cell Signaling), anti-pCREB #4370S (Cell Signaling), anti-CREB #9197 (Cell Signaling), antipMEK1/2 #9121S (Cell Signaling) and anti-glycerinaldehyd-3-phosphat-dehydrogenase #Sc-25778 (Santa Cruz).
Histology and in situ hybridization
For histological analysis, adult limbs were fixed in 4% paraformaldehyd (PFA) containing 0.5% ethylene diamine tetraacetic acid (EDTA), dehydrated and embedded in paraffin. Heidenhain's Azan tricrome staining was performed according to the standard procedures.
For in situ hybridization, P22 limbs were fixed in 4% PFA/ EDTA, dehydrated and embedded in paraffin. Sections were hybridized with digoxygenin-labeled mRNA probes as described previously (38) . WISH was performed as described previously (39) . Histomorphometric analysis was performed with AxioVision Outmess Software (Zeiss). See Supplementary material for primers used for generation of Collagen1a1-specific riboprobe template. Proliferation analysis was done on paraffin sections after in situ hybridization. Sections were treated for 30 min in 2 N HCl at 378C, washed in PBS, blocked in 5% Normal Goat Serum, 3% BSA/PBS, incubated with anti-BrdU #1-299-964 antibody (Roche) 1:50. pMEK1/2 #9121S (Cell Signaling) staining was done on paraffin sections using citrate buffer, permeabilization for 15 min in 5% Normal Goat Serum, 3% BSA, 0.1% Triton X-100 in TBS and blocking in 5% Normal Goat Serum, 3% BSA, 0.1% Tween-20/TBS solution. Anti-pMEK1/2 antibody was diluted 1:100, followed by goat anti-rabbit horseradish peroxidase (DAKOCytomation) incubation and TSA amplification (PerkinElmer Life Science) for 15 min at RT. Finally, FitcStreptavidin antibody (Invitrogen) was used. For control of antibody specificity, sections were pre-treated with alkaline phosphatse. No positive staining was observed on the dephosphorylated control sections (data not shown).
Satellite cell isolation
Satellite cells were isolated essentially as previously described (40) , with following minor modifications. Bulk muscle tissue from muscle above the abdomen, including lattisimus and diaprhagm, was excised from adult mice and subjected to enzymatic digestion with dispase (BD) and collagenase (Worthington) for 1 h. The resulting suspension was consecutively filtered over 100 and 40 mm cell strainers and subsequently subjected to fractionation using a discontinuous Percoll density gradient. Satellite cells were collected at the 70%/30% Percoll density interphase, washed and plated into collagen-coated plates for 12 h to allow fibroblasts to attach. Finally, the supernatant containing highly enriched satellite cells was recollected and plated into collagen-coated mclear 96-well plates (NUNC) and briefly centrifuged to facilitate satellite cell attachment.
EdU pulse proliferation assay. Satellite cells were pulsed with 10 mM EdU for 3 h, fixed and stained at the indicated time points. Cells were counted using ImageJ. After an initial growth phase of 3 days in rich media (Dulbecco's modified eagle's medium (DMEM) containing 30% fetal calf serum), satellite cells were subjected to differentiation media (DMEM containing 2% Horse Serum) and fixed at the indicated time points. Myotubes were labeled with antibody against meromyosin MF-20 (DSHB) 1:20.
Grip strength measurements
Grip force measurements were performed using a handheld Chatillon digital force gauge (Chatillon DFE Series Digital Force Gauge, Ametek Inc.) as previously described (41) . Briefly, mice were held by the tail and gently lowered towards the apparatus. They were allowed to grip the grid with their forelimbs only and were pulled backwards in a horizontal plane. The maximum load measurement reflected the highest force applied to the grid, and the average load was the mean of the total strength. The mice were pre-conditioned before each measurement and the experiment was repeated two times per mouse.
Microarray hybridization and differential expression evaluation
RNA was isolated from the triceps muscles using peqGOLD TriFast (PeqLab Biotechnologie GmbH) according to the supplied protocol. The cRNA synthesis and microarray hybridizaton were done according to the standard protocols applied in the Laboratory of Functional Genome Research Charité, Core Facility. A total of eight high-density oligonucleotide mouse GENE 1.0 ST arrays (Affymetrix) were used in this study. Samples from each animal (four Nf1 and four WT) were applied individually to each array. All the procedures and hybridization were performed according to the Genechip expression technical manual (Affymetrix) as previously reported (42) . Raw data were quantified with Microarray Suite (MAS 5.0) software. Expression data were normalized using the Genespring settings for Affymetrix gene chip arrays. Results from probe sets on each array were subjected to one-way ANOVA analysis to reveal the genes significantly deregulated in the Nf1-deficient muscles (F-factor ≥ 20). Array data have been made available through the GEO data repository of the National Centre for Biotechnology Information.
KEGG classification and the gene class enrichment analysis
We downloaded annotations including 6773 mouse genes and 207 pathways from the KEGG database (43) . For each pathway, we calculated the number of overlaps between pathway genes and genes that were found to be significantly up-or downregulated based on the microarray data. We computed P-values for significant overlaps using Fisher's exact test with Bonferroni multiple-testing correction. Figure 3B shows the KEGG classes that we identified to be most significantly enriched in the set of upregulated genes. We detected no significantly enriched pathways in the set of downregulated genes.
Transcriptome comparison
We downloaded the Gene Expression Omnibus data set GSE7187 (18) and normalized raw intensity values using GC robust multi-array average background adjustment and identified differentially expressed genes with ANOVA and Benjamini -Hochberg multiple-testing correction (FDR , 0.05). For the human muscular dystrophies, we used the absolute intensities from Supplementary Material, Table S1 to define differential genes that showed at least 2-fold expression change in each comparison with the control samples (24) . We restricted the comparison of differentially expressed genes to those that were probed on both MOE430A and MOUSE GENE 1.0 ST microarray platforms.
Statistical analysis
Experimental results are expressed as mean + SEM. Numbers of animals used in the assays are indicated below graphs. Unless otherwise stated, differences between groups were evaluated using unpaired t-test with Welch's correction: * P , 0.05; * * P , 0.01; * * * P , 0.001.
